Introduction
============

Instead of being a static organ, our skeleton constantly undergoes bone resorption and bone formation to replace old and damaged tissues as a part of bone remodeling process [@B1]. The balance between bone resorption and bone formation determines the outcome of bone remodeling [@B2]. It is believed that the decrease in bone formation after each run of bone remodeling serves as a major cause of the age-related bone loss in men and women [@B3], [@B4]. The decrease of bone formation activity is also a major obstacle for the elderly to recover from large bone defect resulted from traumatic injury and surgery.

The findings that there are fewer osteoblasts in aging bones than in young bones [@B5]-[@B7], and that the impaired bone formation activity in aged humans can be attributed to insufficient osteoblasts [@B8]-[@B10] indicate an important role of mesenchymal stem cells (bmMSCs) in the etiology of aging-related bone deficit. It has been well established that bone marrow contains a small population of bmMSCs which are the precursor cells for many cell types, and among them is osteoblast, the workhorse in bone formation [@B11]-[@B16]. Examination of the cellular constituent in the regenerated marrows of adult and aged animals after marrow ablation revealed that bone marrows become more adipogenic than osteoblastogenic with aging [@B17], [@B18], indicating an alteration of lineage propensity of bmMSCs with aging. In fact, an increase in the commitment to adipogenic lineage and a decrease in the commitment to osteoblastic lineage have been found in the bmMSCs of aged mice [@B19]. These findings support the notion that the aging of bmMSCs, as manifested by the deficiency in the passage of bmMSCs to osteoblasts, accounts for the decrease of osteoblast production and the decline in bone formation activity with aging. Therefore, the improvement of osteogenic performance of aging bmMSCs could be a requisite step to boost bone formation in the elderly for the treatment of osteoporosis, and for possible application of autologous bmMSCs to repair bone defect of the elderly.

In addition to hormones, growth factors, especially the locally produced, function as mediators of skeletal growth and maintenance. Factors, such as platelet-derived growth factor (PDGF) [@B20], [@B21], fibroblast growth factor (FGF) [@B22], [@B23], and insulin-like growth factor 1 (IGF-1) [@B24], [@B25], act as bone cell mitogens [@B20]-[@B22]. IGF-1 also plays a central role in stimulating osteoblastic differentiation. A causative role that the compromised IGF-1 signaling plays in the aging-related decrease of bmMSCs\' osteogenic capability and bone deficit is suggested by several informative findings [@B26], [@B27]. In experimental animals, it was found that the content of IGF-1 and the local expression of IGF-1 in bone decreased with aging [@B28]-[@B30]. It has also been shown that while IGF-1 could consistently activate genes that are related to osteogenic function, the mitogenic activity of IGF-1 was impaired in aged rats [@B24]. Notably, however, this defect could be corrected by higher dose of IGF-1 [@B24]. In experimental animals, direct infusion of IGF-1 into femur increased trabecular bone formation rate and trabecular bone mass in aged rats [@B31]. The information generated from murine systems inspire the idea that for possible application of autologous bmMSCs to repair bone defect of the elderly, a logical approach is to increase IGF-1 production in the bmMSCs of aged patients. To support this, it will be important to determine whether the phenomena observed in murine systems also exists in human bmMSCs.

Recently, Chen et al. developed a bioreactor system for the production of bioactive bone graft materials from bmMSCs for clinical application [@B32]. In the system, cells were seeded into the intricate hydrogel-like structure of calcium-alginate scaffolds which provide cells a 3-dimentional environment mimicking the native microenvironment in a constantly perfused system for growing and osteogenic differentiation [@B32], [@B33]. This device could support human osteoblasts to proliferate and differentiate, and to form cell clusters. Such a device enabled us to quickly examine the bone-forming capability of bmMSCs receiving either genetic modulations or chemical treatments.

In this study, we examined the mitogenic activity of bmMSCs from adult and aged human donors in response to IGF-1. We also examined the effect of IGF-1 overexpression in the proliferation rate and osteoblastic potential of aging bmMSCs using conventional 2-dimentional cultures, and examined the effect of IGF-1 overexpression to the bone-forming capability of aging bmMSCs using the 3-dimentional bioreactor system.

Materials and Methods
=====================

Cell culture
------------

Human bone marrow samples were collected from patients receiving total knee replacement surgery. Informed consent was obtained from each donor. The use of human bmMSCs in this study was approved by the Institutional Review Board of Miaoli General Hospital. Isolation of bmMSCs from marrow aspirates was performed as described previously [@B28]. Cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (low glucose) (GIBCO-BRL) containing fetal bovine serum (15%) (Hyclone), glutamine, penicillin and streptomycin (GIBCO-BRL), and maintained in a humidified atmosphere containing 5% CO~2~ at 37℃. Cell culture media were changed every 4 days. Cells cultured between the fourth and seventh passage were used in this study.

Plasmid construction
--------------------

Human IGF-1 cDNA was amplified by PCR. The 5\' and 3\' primers used were: CACCATGGGTAAAATCAGCAGTCTTC; and CTACATCCTGTAGTTCTTGTTT. The cDNA was cloned into pLAS2w.Pneo vector (National RNAi Core Facility at Academia Sinica, Taiwan) to generate pLAS2w-IGF-1 for Lentivirus preparation.

Lentivirus preparation and infection
------------------------------------

For IGF-1 overexpression in human bmMSCs, pLAS2w-IGF-1 was cotransfected with gag-pol and VSV-G-expressing plasmids into 293T cells. Viral supernatant was harvested 2 and 3 days after transfection and filtered through 0.45-μm filters. For infection, bmMSCs were infected with virus (MOI = 40) for 3 h in the presence of polybrene (8 μg/ml), and then maintained in regular medium.

Measurement of DNA synthesis
----------------------------

DNA synthesis was assessed by measuring the incorporation of 5-bromo-2-deoxyuridine (BrdU) into DNA using BrdU Cell Proliferation Assay kit based on the protocol provided by manufacturer (Millipore, MA, USA). Briefly, cells were treated with BrdU or phosphate buffer saline (as background control) for 24 h. Cells were then fixed and DNAs were denatured using the Fixing Solution. The BrdU label was detected by an anti-BrdU monoclonal antibody, and the signals were quantitated with a spectrophotometer microplate reader set at wavelength of 450/550 nm.

Induction of osteoblastic differentiation
-----------------------------------------

For the induction of osteoblastic differentiation, confluent cultures were maintained in regular medium plus 0.1 μM dexamethasone, 0.2 mM ascorbic acid 2-phosphate, and 10 mM glycerol 2-phosphate till the end of experiment, with medium changed every three days. At the end of experiments, cells were fixed and stained with 2% Alizarin Red S solution (Sigma-Aldrich, MO, USA) for 30 min at room temperature, and were de-stained with freshly prepared 10% Cetylpyridinium chloride (CPC) (Sigma-Aldrich, MO, USA) solution for 1 hour at room temperature with gentle rocking. The CPC solutions were then collected for the measurement of absorbance at 595 nm.

Quantitative real-time PCR (RT-qPCR)
------------------------------------

Total RNA of cells culturing in 2-dimentional dishes was isolated using Trizol (Life Technologies, CA, USA). To isolate RNA from cells growing inside the calcium-alginate scaffolds, scaffolds were dissolved in 50 mM of EDTA solution, and the cells were collected by brief centrifugation. Total RNA was extracted using TriRNA pure kit (Geneaid). Total RNA was subjected to reverse transcription-PCRs to generate complimentary DNAs. RT-qPCR was performed using the Power SYBR Green PCR Master Mix (Applied Biosystems, CA, USA). The 5\' and 3\' primers used were as follows: IGF-1, TGCTTCCGGAGCTGTGATCT and TCTGGGTCTTGGGCATGTC; Runx2, TTTGCACTGGGTCATGTGTT and TGGCTGCATTGAAAAGACTG; alkaline phosphatase, GACCCTTGACCCCCACAAT and GCTCGTACTGCATGTCCCCT; osteopontin, CTAGGCATCACCTGTGCCATACC and CAGTGACCAGTTCATCAGATTCATC; IGF-1 receptor, TCGACATCCGCAACGACTATC and CCAGGGCGTAGTTGTAGAAGAG; and β-actin, AAGTCCCTTGCCATCCTAAAA and ATGCTATCACCTCCCCTGTG. RT-qPCRs were performed on an ABI PRISM 7000 Sequence Detector System. The relative mRNA levels were calculated using the 2^-∆∆CT^method, with β-actin mRNA as a normalizer.

3-dimentional calcium-alginate scaffold fabrication
---------------------------------------------------

The calcium-alginate scaffolds were prepared as described previously [@B32], [@B33]. Briefly, 1.5 % sodium alginate (Keltone® LV) was poured into 48-well cell culture plates with the volume 1 ml/well. The plates were kept at -20℃ overnight and then freeze-dried to allow the formation of porous structure. The highly porous scaffolds were cross-linked in 5% calcium chloride solution at room temperature for 1 h, and sterilized with 75% alcohol. The scaffolds were then freeze-dried once again, and stored at room temperature until use.

Continuous perfused bioreactor system
-------------------------------------

The continuous perfused bioreactor was constructed as described previously [@B32], [@B33]. Briefly, this bioreactor system comprises a 500 ml serum bottle as culture medium tank and a 50 ml conical sterile polypropylene centrifuge tube as cell culture tank. The scaffolds were placed in the cell culture tank. These two tanks were connected by tubing. The whole system were maintained in a humidified atmosphere containing 5% CO~2~ at 37℃. The continuous medium supply was controlled via a peristaltic pump (LongerPump, China) with flow rate set at 1 ml/min.

Seeding human bmMSCs into calcium-alginate scaffolds
----------------------------------------------------

Human bmMSCs were suspended in culture medium and then seeded into calcium-alginate scaffolds (5 × 10^5^ viable cells/scaffold) by injection. The scaffolds were placed in a non-coating 24-well culture plate and maintained for 24 h in a humidified atmosphere containing 5% CO~2~ at 37℃, and then transferred into the dynamic perfused bioreactor system for 1, 7, 14, and 21 days.

Live/Dead staining
------------------

The cells-containing scaffolds retrieved from the bioreactor were stained for 30 min with 4 μM of calcein AM (Life Technologies Inc., CA, USA) for live cells, and with 4 μM of propidium iodide (PI, Life Technologies, Inc., USA) for dead cells. Live cells stained by calcein AM showed green fluorescence (ex/em \~495 nm/\~515 nm), whereas dead cells stained by PI showed red fluorescence (ex/em \~540 nm/\~615 nm). Cell survival rate was estimated by a confocal microscope (LSM 780, Zeiss, Germany), and the 3-dimentional images were reconstructed using the supplied software (ZEN lite, Zeiss, Germany).

Scanning electron microscopy (SEM) and size distribution analysis of human bmMSC clusters
-----------------------------------------------------------------------------------------

The scaffolds with bmMSCs inside were fixed with 4% para-formaldehyde for 2 h, and dehydrated in a graded series of ethanol. The specimen was dried by critical-point drying (CPD) method, and were sputter-coated with gold before observation. The morphology of human bmMSC clusters was observed using SEM (TM-1000, Hitachi, Japan). For size distribution analysis of human bmMSC clusters, scaffolds were retrieved from the bioreactor at the time indicated. Then, bmMSC clusters were imaged by SEM. We measured the diameter of a round cell cluster and calculated the major axis of an elliptical one. The average diameters of the clusters were calculated with MetaMorph Microscopy Automation and Image Analysis Software (Molecular Devices, CA, USA). The definition of the diameter measurement was shown in supplemental Fig. [S3](#SM1){ref-type="supplementary-material"}. In addition, we investigated 20 to 35 cell clusters for each condition (Supplemental Fig. [S4](#SM1){ref-type="supplementary-material"}).

F-actin staining and predictive cell numbers of human bmMSC clusters
--------------------------------------------------------------------

In order to estimate cell numbers of cell cluster, we also performed F-actin staining. Briefly, bmMSCs/scaffold constructs were fixed with 4% para-formaldehyde. The cell clusters were reacted with 1 drop ActinGreen 488 ReadyProbes Reagent (Life Technologies, Inc., USA) for 15 min, and counterstained with 1 μg/ml Hoechst 33342 (Sigma-Aldrich, MO, USA) for 5 min, and observed by a confocal microscope (LSM 780, Zeiss, Germany). The data was analyzed by Imaris Scientific 3D/4D Image Processing & Analysis Software (Bitplane, CT, USA).

Xylenol orange staining
-----------------------

For the examination of biomineralization, scaffolds with bmMSCs inside were fixed with 4% para-formaldehyde. The cell clusters were rinsed with 20 μM xylenol orange (Sigma-Aldrich, MO, USA) for 15 min, and counterstained with 1 μg/ml Hoechst 33342 (Sigma-Aldrich, MO, USA) for 5 min, and observed by a confocal microscope (LSM 780, Zeiss, Germany). The biomineralized area of the cell clusters displayed the color of bright orange-red (ex/em \~440 nm/\~610 nm), whereas the nucleus displayed the color of blue. The 3-dimentional images were reconstructed using the supplied software (ZEN lite, Zeiss, Germany).

X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR)
---------------------------------------------------------------------------

XRD and FT-IR were used to identify crystal structure and functional groups of the deposit mineral, respectively, to conform that cells would secret biological apatite. The deposit mineral was collected from the bioreactor and mounted to sample holder of XRD. XRD patterns were obtained by X-ray Powder Diffractometer (MiniFlex 600, Rigaku, Japan) under 20 Am and 15 eV; where 2θ would be recorded from 20° to 40° with scanning rate of 2°/min. The obtained patterns were compared to Crystallography Open Database (COD) for characterization.

The functional groups of the deposit mineral were analyzed by FT-IR spectroscope (Spectrum 100 FT-IR Spectrometer, PerkinElmer, USA). The previously deposit mineral was added to the device of attenuated total reflection (ATR) for further analysis. The spectra and absorption bands were recorded in the wave number range of 4000-400 cm^-1^ with 16 scans per sample cycle. The absorption bands on the FT-IR spectrum were analyzed by Integrated Spectral Data Base System for Organic Compounds (SDBS).

Statistical analysis
--------------------

Statistical difference was shown as the mean ± standard deviation (S.D.) and conducted at least in triplicate. Student\'s t-test and one-way ANOVA followed by Scheffe\'s post hoc tests were used to analyze the data, and*p*-values less than 0.05 was considered statistically significant.

Results
=======

Aging-related changes in the mitogenic response of human bmMSCs to IGF-1
------------------------------------------------------------------------

We analyzed the mitogenic response of bmMSCs derived from 4 adults (donor 1 to 4) and 10 aged (donor 5 to 14) human donors (Table [1](#T1){ref-type="table"}) to various doses of IGF-1 by measuring the IGF-1-induced DNA synthesis using BrdU incorporation assays. The donor-specific data (raw data and donor-specific normalization data) were shown in the Supplemental Table [S1](#SM1){ref-type="supplementary-material"}. We analyzed the BrdU incorporation activity of adult and aged cells cultured without IGF-1 treatment (raw data), and found that there was no significant difference (*p*= 0.420) in the levels of DNA synthesis, as represented by OD450 readings, between the adult and aged cells (Fig. [1](#F1){ref-type="fig"}A). Due to the fact that one 96-well culture plate only allowed us to perform BrdU incorporation assay in cells from one donor, and that the OD450 readings generated by cells either treated with various doses of IGF-1 or left untreated varied greatly among the cells (plates) regardless of the donor age, it was inadequate to do the inter-donor comparison based on the raw data. We, therefore, examined the effect of IGF-1 on the stimulation of DNA synthesis between donors based on the donor-specific normalization data. In adult group, significant increase in DNA synthesis was observed at IGF-1 dose of 5, 50, and 500 ng/ml, which induced approximately 63%, 64%, and 87% increase in DNA synthesis, respectively, whereas only 500 ng/ml of IGF-1 induced significant increase (\~57%) in DNA synthesis in the aged group (Fig. [1](#F1){ref-type="fig"}B).

We calculated the fold-change in the stimulation of DNA synthesis in response to 5, 50, and 500 ng/ml of IGF-1 in the adult and aged groups, and found that the increase of DNA synthesis in adult group was more prominent than the aged group at the IGF-1 dose of 5 (*p*\< 0.005) and 50 (*p*\< 0.001) ng/ml; however, the difference was marginal in cells treated with 500 ng/ml (*p*= 0.06) of IGF-1. These results indicated that the mitogenic activity of bmMSCs in response to IGF-1 was impaired in aged humans; however, higher dose of IGF-1 could stimulate DNA synthesis of the aged bmMSCs.

IGF-1 stimulated osteoblastic differentiation of human bmMSCs
-------------------------------------------------------------

We then examined if IGF-1 treatment affected the osteoblastogenic potential of human bmMSCs. First, we examined the calcium precipitation activities of bmMSC-5 cells, which were isolated from donor 5, at days 19, 23, and 27 post induction. As shown in Fig. [2](#F2){ref-type="fig"}A, IGF-1 co-treatment seemed to increase calcium precipitation at day 19, which, however, did not reach statistical significance. At days 23, the calcium precipitation activities of cells co-treated with 50, 250, and 500 ng/ml of IGF-1 were approximately 1.7 (*p*\< 0.05), 1.6 (*p*\< 0.05), and 1.8 (*p*\< 0.05) fold of that of the untreated cells at day 19. At day 27, the calcium precipitation activities of cells co-treated with 50, 250, and 500 ng/ml of IGF-1 were approximately 1.7 (*p*\< 0.05), 1.9 (*p*\< 0.05), and 1.9 (*p*\< 0.05) fold of that of the untreated cells at day 19. Subsequently, we treated the bmMSCs of 10 aged donors with 50 and 250 ng/ml of IGF-1 for 21 days, and examined the expression of alkaline phosphatase, collagen I, and osteopontin, which are parameters of osteoblastic differentiation. RT-qPCR analyses showed that their expression levels in cells treated with 250 ng/ml of IGF-1 were approximately 1.8, 2.5, and 1.6 fold of that of untreated cells (Fig. [2](#F2){ref-type="fig"}B). The donor-specific data were shown in the supplemental Table [S2](#SM1){ref-type="supplementary-material"}-S4. We also compared the osteoblastic differentiation capability of adult (bmMSC-1, bmMSC-2, bmMSC-3) and aged (bmMSC-5, bmMSC-6, bmMSC-7) cells which were either left untreated or co-treated with 50 and 250 ng/ml of IGF-1 for 11, 19, 23, and 27 days. In the adult group, and compared with the untreated cells at each time point, 50 and 250 ng/ml of IGF-1 caused approximately 79% and 125% (*p*\< 0.05) increase in calcium precipitation at day 11; approximately 38% (*p*\< 0.05) and 63% (*p*\< 0.05) increase at day 19; approximately 96% and 235% (*p*\< 0.05) increase at day 23; and approximately 119% and 152% (*p*\< 0.05) increase at day 27, respectively (Fig. [2](#F2){ref-type="fig"}C). It is worthy to note that we observed that osteoblastic induction by itself caused robust calcium precipitation on the untreated cells at days 23 and 27 post-induction, which might mask the enhancing effect of IGF-1 co-treatment. The difference in the calcium precipitation activity between the untreated aged and adult groups at all-time points did not reach statistical significance (Fig. [2](#F2){ref-type="fig"}C). In the aged group, and compared with the untreated adult cells at each time point, 50 and 250 ng/ml of IGF-1 caused approximately 41% (*p*\< 0.05) and 34% (*p*\< 0.05) increase in calcium precipitation at day 11; approximately 23% (*p*\< 0.05) and 30% (*p*\< 0.05) increase at day 19; and approximately 97% (*p*\< 0.05) and 102% (*p*\< 0.05) increase at day 27, respectively (Fig. [2](#F2){ref-type="fig"}C). Although 50 and 250 ng/ml of IGF-1 caused approximately 82% and 83% increase at day 23, the changes did not reach statistical significance due to the variation among the three lines of cells. In comparison, adult cells treated with 50 ng/ml of IGF-1 showed stronger differentiation capability than aged cells at day 19, whereas 250 ng/ml of IGF-1 treatment caused significant difference in the stimulation of differentiation between these two groups of cells at days 11, 19, and 23. At day 27, the difference in differentiation between adult and aged cells treated with 50 and 250 ng/ml of IGF-1 did not reach statistical significance (Fig. [2](#F2){ref-type="fig"}C). Taken together, our data suggested that the osteoblastic differentiation of the adult bmMSCs was more responsive to IGF-1, and that exogenous IGF-1 could stimulate the osteoblastic differentiation capability of bmMSCs of the aged donors.

Overexpression of IGF-1 stimulated the proliferation and osteoblastic differentiation of bmMSCs from aged donors
----------------------------------------------------------------------------------------------------------------

The findings that exogenous IGF-1 stimulated the DNA synthesis and the osteoblastic differentiation of bmMSCs led us to investigate if increase of IGF-1 production in the bmMSCs of aged donors resulted in the same outcomes. We established IGF-1-overexpressing bmMSC-5-IGF-1 and bmMSC-8-IGF-1 cells. RT-qPCR analyses showed that the IGF-1 mRNA levels in these cells were approximately 50 and 40 fold of that of corresponding controls (Fig. [3](#F3){ref-type="fig"}A). Because serum contains a lot of growth factors which stimulate cell proliferation, we used serum-reduced medium in the experiment. Cell proliferation analyses showed that bmMSC-5-IGF-1 and bmMSC-8-IGF-1 cells maintained in serum-reduced media were more proliferative than their corresponding controls (Fig. [3](#F3){ref-type="fig"}B). Our data showed that serum-reduced medium was not able to stimulate proliferation, which served as a control to manifest the biological effect of IGF-1 overexpression. That the relative cell number in IGF-1 overexpressing cells dropped from day 8 to day 12 indicated that in addition to IGF-1, the other factors provided by higher concentration of serum were required to support long-term proliferation.

To examine the effect of IGF-1 overexpression on the bone-forming capability of aging bmMSCs, a constantly perfused bioreactor was utilized. First, we compared the morphology of the monolayer bmMSC-5 cultures to that of bmMSC-5 cells grown in calcium-alginate scaffolds under static condition. Using light microscope, we found that the monolayer cultures presented spindle shape and the specific characteristic of directional growth (Fig. [4](#F4){ref-type="fig"}A). In contrast, cells grown in scaffolds were round shape as revealed by SEM (Fig. [4](#F4){ref-type="fig"}B1-3). The cells could not self-aggregate into clusters after 7 and 14 days (indicated by green arrows) in static cultivation, but could pile up onto the surface of the scaffolds (indicated by blue arrows) after 21 days (Fig. [4](#F4){ref-type="fig"}B3). Next, we seeded bmMSC-5 and bmMSC-5-IGF-1 cells into calcium-alginate scaffolds separately, and cultured in separate cell culture tanks in the bioreactor for 1, 7, 14, and 21 days. It was noted that bmMSC-5 cells scattered within the scaffolds at day 1, and slowly aggregated into clusters during days 7, 14, and 21 (Figs. [4](#F4){ref-type="fig"}C1-4), which was different from that of cells cultured under static condition as described in figure [4](#F4){ref-type="fig"}B1-3. So, constant perfusion appeared to be important for cell-cluster formation. Interestingly, the bmMSC-5-IGF-1 cells had already aggregated into clusters at day 1 (indicated by red arrows) (Fig. [4](#F4){ref-type="fig"}D1). The clusters seemed to become condensed at day 7 (indicated by yellow arrows), and maintained condensed stereoscopic during days 14 and 21 (Figs. [4](#F4){ref-type="fig"}D2-4). On the other hand, we extracted RNAs from the scaffolds of days 7 and 14, and examined the expression of Runx2 (the major regulator of osteoblastic differentiation) and alkaline phosphatase mRNAs. RT-qPCR analyses showed that the expression of these mRNAs in bmMSC-5-IGF-1 cells were approximately 2.4 and 2.9 fold, respectively, of those of bmMSC-5 cells at day 7, and that the Runx2 mRNA level of bmMSC-5-IGF-1 cells was approximately 3.8 fold of that of bmMSC-5 cells at day 14 post osteoblastic induction (Fig. [5](#F5){ref-type="fig"}). Taken together, these data suggested that IGF-1 overexpression was able to enhance the osteogenic potential of bmMSC-5 cells, and might improve the capability of bmMSC-5 cells to aggregate to produce bone-like tissues.

Live/Dead staining of bmMSC clusters in calcium-alginate scaffolds
------------------------------------------------------------------

We then evaluated the viability of bmMSCs in the clusters inside the scaffolds using two-color fluorescent staining, calcein AM and propidium iodide (PI). Results showed that the percentage of dead cells in the clusters of bmMSC-5 cells was approximately 1.4%, 44.5%, 55.6%, and 39.8% as measured at days 1, 7, 14, and 21, respectively; and the cell death was concentrated at the center of the clusters (Fig. [6](#F6){ref-type="fig"}, A1-D3). In sharp contrast, the percentage of dead cells in the clusters of bmMSC-5-IGF-1 cells was approximately 0.1%, 10.8%, 8.8%, and 6.4% as measured at days 1, 7, 14, and 21, respectively (Fig. [6](#F6){ref-type="fig"}, E1-H3). These data suggested that while medium perfusion could support cells to aggregate into clusters in scaffolds, IGF-1 could improve the survival rate of bmMSCs in the clusters during osteogenesis in the bioreactor system.

Size distribution and biomineralization of bmMSC clusters
---------------------------------------------------------

Next, we analyzed the size distribution of the cell clusters using SEM (Supplemental Fig. [S3](#SM1){ref-type="supplementary-material"}), and calculated data in Supplemental Fig. [S4](#SM1){ref-type="supplementary-material"}. At day 1, there was no bmMSC-5 cell clusters found in the scaffolds; whereas approximately 91.9% of bmMSC-5-IGF-1 cells formed clusters with size bigger than 100 μm (Fig. [7](#F7){ref-type="fig"}A1). At day 7, approximately 52.9% and 5.9% of bmMSC-5 cells formed clusters with sizes around 50-100 μm and 100-150 μm, respectively; whereas approximately 53.8%, 15.4%, and 30.8% of bmMSC-5-IGF-1 cells formed clusters with sizes around 50-100 μm, 100-150 μm, and bigger than 150 μm, respectively (Fig. [7](#F7){ref-type="fig"}A2). At day 14, approximately 50%, 12.5%, and 25% of bmMSC-5 cells, and approximately 22.2%, 11.1%, and 66.7% of bmMSC-5-IGF-1 cells formed clusters with sizes around 50-100 μm, 100-150 μm, and bigger than 150 μm, respectively (Fig. [7](#F7){ref-type="fig"}A3). At day 21, approximately 37.5%, 25%, and 37.5% of bmMSC-5 cells, and approximately 25%, 33.3%, and 41.7% of bmMSC-5-IGF-1 cells formed clusters with sizes around 50-100 μm, 100-150 μm, and bigger than 150 μm, respectively (Fig. [7](#F7){ref-type="fig"}A4). These data showed that bmMSC-5 cells were able to form clusters with increasing sizes with time, but IGF-1 overexpression seemed to facilitate the rate of cluster formation. Also, we estimated cell numbers per cluster via F-actin staining (Supplemental Fig. [S5](#SM1){ref-type="supplementary-material"}). Briefly, we identified the volume of cell clusters by F-actin staining, and calculated the cell numbers with Hoechst 33342 staining for both conditions with every time points. Then we got the relative cell volume (Fig. [7](#F7){ref-type="fig"}D) and cell numbers in different size of bone-like tissues during the cell cultivation (Fig. [7](#F7){ref-type="fig"}E) using Imaris Scientific 3D/4D Image Processing & Analysis Software (Bitplane, CT, USA). Moreover, the histological staining revealed that most bone-like tissues exhibited a round or elliptical shape (Supplemental Fig. [S6](#SM1){ref-type="supplementary-material"}).

In parallel, we analyzed the biomineralization status of the cell clusters. Biomineralization takes place during the final stage of bone formation. We stained the cell clusters collected at days 1, 7, 14, and 21 with xylenol orange, a fluorochrome widely used for labeling calcified tissues. The results showed that the calcified areas of both bmMSC-5 and bmMSC-5-IGF-1 cell clusters increased with time, indicating the occurrence of biomineralization in these cell clusters. Notably, the biomineralization status of bmMSC-5-IGF-1 cell clusters was more prominent, examined at all-time points, than that of bmMSC-5 cell clusters (Fig. [7](#F7){ref-type="fig"}, B and C). These data indicated that IGF-1 overexpression promoted bmMSCs to form bone-like tissues.

XRD and FT-IR determination of bone-like tissues
------------------------------------------------

To examine if the differentiated bmMSC-5 and bmMSC-5-IGF-1 cells secreted biological apatite, we collected the precipitates from the media in the bottles containing either bmMSC-5 scaffolds or bmMSC-5-IGF-1 scaffolds at day 21, and analyzed the X-ray diffraction pattern of these precipitates, with hydroxyapatite as a standard. As shown in both groups of precipitates, there were specific peaks at (002) plane and (211) plane, a pattern matching to the diffraction pattern of hydroxyapatite (Fig. [8](#F8){ref-type="fig"}A). We also analyzed the precipitates using FT-IR spectroscopy. As shown in figure [8](#F8){ref-type="fig"}B, the most impressive peaks which lay at 1200-900 and 600-500 cm^-1^were attributed to phosphate groups. The peaks displayed between 1650 and 1300 cm^-1^ were attributed to carbonate groups. A broad hydroxyl bending mode was exhibited around 3500-3100 cm^-1^. Taken together, these data showed that both bmMSC-5 and bmMSC-5-IGF-1 cells produced biological apatite in the bioreactor under osteogenic induction, and suggested that the bone-like tissues cultured in the bioreactor were moving toward to mature bones.

Discussion
==========

BmMSCs are known to be important in the maintenance of fully grown skeleton and in the repair of damaged bones, but how bmMSCs lose osteoblastogenic potential with aging has not been fully elucidated. Thus, understanding of the underlying mechanisms may help to developing effective strategies not only to boost bone formation in the elderly, but also to improve the osteogenic performance of aging bmMSCs for possible application of autologous bmMSCs to repair bone defect of the elderly.

Our data point out that the mitogenic activity of human bmMSCs in response to IGF-1 is impaired with aging, and that the effect of aging on the mitogenic activity of human bmMSCs without IGF-1 supplement is not significant (Fig. [1](#F1){ref-type="fig"}). These phenomena are consistent with that noted in murine system [@B24]. However, our data further indicated that defect in IGF-1 signaling could be one of the major causes in aging-related loss of osteoblastogenic potential in human bmMSCs. Evidences supporting this notion came from the findings that (i) while PDGF and FGF inhibited differentiation of rat bmMSCs [@B20], [@B22], IGF-1 was able to promote osteoblastic differentiation of rat [@B24] and human bmMSCs, and (ii) under osteoblastic induction, aging human bmMSCs showed lessoned and delayed calcium precipitation in response to IGF-1 treatment, compared to cells from adult donor (Fig. [2](#F2){ref-type="fig"}). The mechanisms underlying the aging-related defect in IGF-1 signaling are currently unclear. By examining the expression of IGF-1 receptor (IGF-1R) and its binding to IGF-1R in bmMSCs of adult and aged rats, Tanaka and Liang reported that there were no significant aging-related differences in these activities, and concluded that the aging-related defect in IGF-1 signaling might occur after the activation of IGF-1Rs [@B24]. Whether these phenomena also exist in human bmMSCs requires further investigation. In this study, we examined the expression levels of IGF-1 and IGF-1R mRNAs in bmMSCs from 4 adults and 10 aged donors (Table [1](#T1){ref-type="table"}) and found that aging seemed not to decrease IGF-1 and IGF-1R expression in human bmMSCs (Supplemental Fig. [S1](#SM1){ref-type="supplementary-material"}).

Moreover, our previous studies have suggested that alterations in glycosylation patterns of bmMSCs might play an important role in the aging of human bmMSC [@B34]. IGF-1R contains several N-glycans [@B35], [@B36], and it has been shown that inhibition of N-glycosylation altered cell surface abundance of IGF-1R and blocked IGF action [@B36], [@B37]. Therefore, it is tempting to speculate that the glycosylation status of IGF-1R on human bmMSCs might be altered with aging, causing the defect of IGF-1 signaling in bmMSCs of the elderly, or alternatively, but not mutual exclusively, that the aging-related changes in the composition of membrane glycoproteins of bmMSCs might be a contributor to the decreased response to IGF-1. Indeed, we found that the expression of decorin (DCN), a proteoglycan, was up-regulated with aging in human and rat bmMSCs, and that DCN knockdown increased the mitogenic activity of aging human bmMSCs in response to IGF-1 (unpublished data). Given the finding that DCN could bind to IGF-1R in renal fibroblasts [@B38], it is possible that exogenous IGF-1 might compete with DCN for binding to and activate IGF-1R of bmMSCs, which promoted the proliferation and osteogenic potential of aging human bmMSCs.

Our data showed that without IGF-1 co-treatment, the osteoblastic differentiation activity of bmMSCs from aged donors was similar to that of bmMSCs from adult donors (Fig. [2](#F2){ref-type="fig"}C). To interpret this set of data, it is worthy to note that by examining the ectopic bone formation of untreated and dexamethasone-treated bmMSCs (isolated from adult and aged rats) which were implanted into adult and aged rats, Quarto et al. reported that untreated bmMSCs from aged rats were defective in bone induction potential and the environment in aged recipients did not support bone formation; however, there were no appreciable difference in the bone-forming capability between the dexamethasone-treated adult and aging bmMSCs [@B10]. Therefore, in our study, dexamethasone might fully activate the osteogenic potential and abolish the age difference in cells without IGF-1 treatment. With this in mind, our data manifest the aging-related impairment in osteogenic potential in the way that the induction of osteoblastic differentiation in aging bmMSCs were less responsive to IGF-1 than that in adult bmMSCs.

Based on our data, it seems to be reasonable to use exogenous IGF-1 to activate bmMSCs *in vivo* to intervene the loss of bone mass in the elderly. However, systemic IGF-1 application increases the risk of tumorigenesis, too [@B39]. We thought that it would be more practical by delivering the activated autologous bmMSCs *in situ* to repair local bone damage in the elderly. For this purpose, the activated aging bmMSCs must exhibit improved response to osteogenic-inducing signals and their subsequent bone-forming capability. The bioreactor system allowed us to grow bmMSCs in 3-dimentional environment with constant medium flow which mimics the *in vivo* microenvironment, and to provide cells osteogenic-inducing signals [@B32]. Such an experimental setting enabled us to address the effect of IGF-1 to the bone-forming capability of aging bmMSCs. By analyzing the formation, size distribution, and the biomineralization status of cell clusters, and the cell death in the clusters, and by characterizing the secreted biological apatite, we found that IGF-1 overexpression could enhance the bone-forming capability of aging bmMSCs. Thus, our data indicate that IGF-1 overexpression is an effective strategy in activating aging autologous bmMSCs *in vitro* for limited *in situ* delivery to repair local bone damage in the elderly.

The mechanism as to how IGF-1 overexpression enhanced the bone-forming capability of aging bmMSCs was not extensively investigated in this study. Based on our data that IGF-1 overexpression increased cell proliferation (Fig. [3](#F3){ref-type="fig"}), and increased the expression of Runx2 in the 3-dimentional cultures (Fig. [5](#F5){ref-type="fig"}), it is tempting to speculate that IGF-1 overexpression might increase IGF-1 signaling, leading to enhanced osteoblastic differentiation of bmMSCs. Indeed, it has been well documented that IGF-1 functions not only as a progression factor, but also as an enhancer of glucose uptake and an inhibitor of cell death [@B42], [@B43]. Thus, in our study as described in Fig. [6](#F6){ref-type="fig"}, IGF-1 overexpression might elicit these effects to help the cells which were located in the center of the cell clusters survive, proliferate, and differentiate in the relatively hypoxic and mal-nutritional environment, hence an improved survival rate and bone-forming capability. Whether IGF-1 overexpression activated the IGF-1R of aging bmMSCs by competing with DCN for IGF-1R-binding is currently under investigation.

It is worthy to note that while we incubated the calcium-alginate scaffolds seeded with either bmMSC-5 or bmMSC-5-IGF-1 cells in culture dishes containing media absent of osteogenic supplements, bmMSC-5-IGF-1 but not bmMSC-5 cells formed clusters in 24 h (data not shown). Given the fact that bmMSC-5 cells under osteogenic induction also gradually formed clusters in the bioreactor, modulation of cell-cell interaction might be important for IGF-1 to promote osteoblastic differentiation of aging bmMSCs. Moreover, it took much less time for bmMSC-5-IGF-1 cells cultured in scaffolds to show the morphological effect of IGF-1 (Fig. [4](#F4){ref-type="fig"}) compared with that of bmMSC-5 cells cultured in 2-dimentional dishes in the presence of IGF-1 (Fig. [2](#F2){ref-type="fig"}). Therefore, it would be more informative to study the biological effect of IGF-1 on bmMSCs using 3-dimentional cultures.

An alternative way to apply the IGF-1 overexpressing aging bmMSCs in treating bone defects is to use these cells to produce bone graft materials. Bone graft materials are often required for the treatment of large bone defects [@B40], [@B41]. Producing appropriate bioactive bone graft materials for bone regeneration is a crucial issue in orthopedics. The bioreactor system used in this study was designed for this purpose [@B32], [@B33]. This system provides constant medium flow to replenish the nutrition supply in scaffolds to maintain cell survival in the scaffolds for achieving tissue uniformity throughout the bone-like tissues. Even so, our data showed that the death of bmMSC-5 cells still increased with time in the inner region of scaffolds (Fig. [6](#F6){ref-type="fig"}, A1-D3). However, the death of bmMSC-5-IGF-1 cells under the same experiment setting was almost neglectable (Fig. [6](#F6){ref-type="fig"}, E1-H3). So, the IGF-1 produced by bmMSC-5-IGF-1 cells was able to maintain cell survival, and result in more uniform mineralization (Fig. [7](#F7){ref-type="fig"}, B and C). Our data support the introducing of IGF-1 into autologous aging bmMSCs to improve the production of bone graft materials in bioreactors.

Conclusion
==========

In this study, we showed that the IGF-1 signaling of human bmMSCs is impaired in aging, which compromises the osteogenic capability of the aging bmMSCs. We also showed that transduction of an osteoinductive growth factor gene, IGF-1, into the aging bmMSCs can enhance their osteogenic capability. Our studies, on one hand, pointed out possible applications of autologous bmMSCs in the repair of bone defect in the elderly. On the other hand, our data suggested that further elucidation of the mechanisms underlying the impaired response of aging bmMSCs to IGF-1 may provide us clues for developing strategies to sensitize the aging bmMSCs to the physiological levels of IGF-1, which may improve bone formation activity in the elderly.
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![Aging-related changes in the mitogenic response of human bmMSCs to IGF-1. The bmMSCs derived from 4 adult and 10 aged human donors were subjected to BrdU incorporation analyses with or without concomitant treatment of varying doses of IGF-1 as indicated. (A) The average OD450 values of adult and aged group cultured without IGF-1 treatment are shown. The difference between the groups was analyzed by the Student\'s t-test. (B) Relative DNA synthesis in adult and aged cells was calculated by comparing the OD450 readings from the IGF-1-treated cells to those of the untreated adult and aged control (to which a value of 1 was assigned), respectively. Data represent the mean ± S.D. from three experiments. A one-way ANOVA plus Scheffe\'s post hoc tests were used to analyze the differences among the untreated and IGF-1-treated groups. ^\*^, *p* \< 0.05 versus untreated adult control.^\#^, *p* \< 0.05 versus untreated aged control. Comparison of the fold-change of DNA synthesis between the adult and aged groups was conducted by Student\'s t-test.](thnov07p1598g001){#F1}

![The effects of IGF-1 to the osteoblastic differentiation of human bmMSCs. (A) Osteoblastic differentiation. BmMSC-5 cells were induced to undergo osteoblastic differentiation with or without concomitant treatment of varying doses of IGF-1 as indicated. Cells were stained with Alizarin Red S at the days as indicated. The stains were quantitated. All of the OD~595~ readings of cells were compared to that of the untreated cells of day 19 (to which a value of 1 was assigned). Data represent the mean ± S.D. from three experiments. A one-way ANOVA plus Scheffe\'s post hoc tests were used to analyze the differences.^\*^, *p*\< 0.05 versus the untreated cells of day 19. (B) RT-qPCR analyses. The bmMSCs from 10 aged donors were induced to the osteoblastic lineage without or with concomitant treatment of 50 and 250 ng/ml IGF-1 for 21 days. Cellular levels of alkaline phosphatase (ALP), collagen I (Col), osteopontin (OP), and β-actin mRNAs were measured. Normalized signals from cells treated with IGF-1 were compared to those of cells without IGF-1 treatment (to which a value of 1 was assigned). Data represent the mean ± S.D. from three experiments. ^\*^, *p*\< 0.05 versus corresponding control. (C) Osteoblastic differentiation. bmMSC-1, -2, and -3 from adult donors and bmMSC-5, -6, and-7 from aged donors were induced to undergo osteoblastic differentiation with or without concomitant treatment of varying doses of IGF-1 as indicated. Cells were stained with Alizarin Red S at the days as indicated. All the OD~595~ readings of cells were compared to that of the untreated adult cells at each time point (to which a value of 1 was assigned). Data represent the mean ± S.D. from three experiments. A one-way ANOVA plus Scheffe\'s post hoc tests were used to analyze the differences.^\*^, *p*\< 0.05 versus untreated adult control. Comparison of the fold-change between the adult and aged groups was conducted by Student\'s t-test.](thnov07p1598g002){#F2}

![Effect of IGF-1 overexpression to the proliferation and osteoblastic differentiation of aging bmMSCs. (A) RT-qPCR analyses. BmMSC-5 and bmMSC-8 cells were infected with Lenti virus for IGF-1 overexpression. The expression of IGF-1 mRNA in bmMSC-5, bmMSC-5-IGF-1, bmMSC-8, and bmMSC-8-IGF-1 cells was measured. (B) Cell proliferation assays. BmMSC-5, bmMSC-5-IGF-1, bmMSC-8, bmMSC-8-IGF-1 cells were cultured in media containing 2.5% of serum. Cells were harvested and counted at the time indicated. Relative cell proliferation was calculated by comparing the cell number at days 4, 8, and 12 to that of day 0 (to which a value of one was assigned). Data represent the mean ± S.D. from three experiments. ^\*^, *p* \< 0.01 versus corresponding control.](thnov07p1598g003){#F3}

![The morphology of bmMSC-5 cells under static and dynamic culture conditions. (A) The morphology of bmMSC-5 cells in 2-dimentional culture plates in static culture condition was examined by light microscopy. Representative photo is shown. (B) The morphology of bmMSC-5 cells in calcium-alginate scaffolds incubated in 2-dimentional culture plates in static culture condition for 7, 14, and 21 days were examined by SEM. Representative photos are shown. (C, D) bmMSC-5 and bmMSC-5-IGF-1 cells were seeded into calcium-alginate scaffolds and kept in static state to stabilize cells in 3-dimentional environment for 24 h, and then transferred to dynamic perfused bioreactor. The morphology of bmMSC-5 and bmMSC-5-IGF-1 cell clusters in scaffolds incubated in bioreactor for 1, 7, 14, and 21 days was examined by SEM. Representative photos are shown.](thnov07p1598g004){#F4}

![Effect of IGF-1 overexpression to the osteoblastic differentiation of 3-dimentional bmMSC-5 cultures. Scaffolds which contained either bmMSC-5 or bmMSC-5-IGF-1 cells, and were incubated under osteoblastic induction in bioreactor were collected at days 7 and 14 for total RNA preparation. The levels of Runx2, alkaline phosphatase (ALP) and β-actin mRNAs were measured by RT-qPCR analyses. Normalized signals were compared to those of bmMSC-5 cells of day 7 (to which a value of one was assigned). Data represent the mean ± S.D. from three experiments. ^\*^, *p* \< 0.05; ^\*\*^, *p* \< 0.005; ^\*\*\*^, *p* \< 0.001; ^\#^, *p* = 0.585 versus corresponding bmMSC-5 control.](thnov07p1598g005){#F5}

![Live/Dead staining of bmMSC cell clusters in calcium-alginate scaffolds. The scaffolds seeded with bmMSC-5 or bmMSC-5-IGF-1 cells were retrieved from bioreactor at the time indicated, and stained with calcein AM (A1, B1, C1, D1, E1, F1, G1, and H1) or with PI (A2, B2, C2, D2, E2, F2, G2, and H2). The merged images (A3, B3, C3, D3, E3, F3, G3, and H3) and the calculated percentage of live and dead cells (A4, B4, C4, D4, E4, F4, G4, and H4) were shown.](thnov07p1598g006){#F6}

![Size distribution, biomineralization and cell numbers of bmMSC cell clusters. (A) The sizes of cell clusters in the scaffolds incubated in bioreactor for 1, 7, 14, and 21 days were measured by SEM (n = 20-35 for each condition, the details were revealed in supplementary Fig. [S4](#SM1){ref-type="supplementary-material"}). (B, C) The cell clusters were stained with xylenol orange to indicate the biomineralized areas, and with Hoechst 33342 to indicate the location of nucleus. (D) The relative cell volume of bone-like tissues after 7, 14, and 21 days\' cultivation were analyzed via F-actin Staining and calculated by Imaris software (normalized with Day 1); and (E) represented cell numbers in different size of bone-like tissues at every time points (the details were revealed in supplementary Table [S6](#SM1){ref-type="supplementary-material"}). The values of cell cluster size distribution were mean ± S.D.; \**p* \< 0.05, \*\**p* \< 0.01.](thnov07p1598g007){#F7}

![Characterization of the biological apatite secreted by bmMSC-5 and bmMSC-5-IGF-1 cells in the bioreactor. After 21 days of incubation, the scaffolds were removed, and the media were centrifuged to collect the precipitates. The precipitates were dried and subjected to XRD examination using hydroxyapatite as a standard (A). The precipitates were also analyzed using FT-IR for the presence of phosphate, carbonate, and hydroxyl groups (B).](thnov07p1598g008){#F8}

###### 

Demography of bone marrow donors.

  Donor   Gender   Age   Donor   Gender   Age
  ------- -------- ----- ------- -------- -----
  1       M        36    8       M        69
  2       M        42    9       M        73
  3       M        43    10      M        77
  4       M        40    11      F        79
  5       F        75    12      F        69
  6       F        72    13      F        71
  7       F        71    14      F        73
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